
Abstract-This review paper focuses on the description, uses and emission removal functions of a solvent with respect to air pollution control of the flue gases in a combustion chamber exhaust waste stream. The physical characteristics of the solvent required for improved and optimal performance of the absorption system where discussed. The factors affecting performance of the solvent with reference to parametric changes in operations as well as cost consideration schemes required to select the most appropriate solvent for increased performance were also ex-rayed. The choice of a solvent that is cost effective and readily available was recommended in the study.
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I. INTRODUCTION
Reference [1] have supported that solvents and the dissolution process have been very vital for industrial productions within the last hundred years. Its role has been so significant that most manufacturing processes cannot be achieved without the process. From drug production to coffee production machines, solvents have had immense contribution to modern industrial processes [1] .
Reference [2] defined a solvent as a liquid which have the ability to dissolve other constituents from a bulk volume quantity. What this definition shows is that solvents may be utilised to selectively remove particular desired substances from a mixture and retain others that it does not have an affinity to. Reference [2] also reiterates the common characteristics of solvents to be colourless liquids, although within room temperature, strong offensive odours as well as being highly volatile.
Reference [3] attributed the overall global solvent consumption over the years to the need for massive construction and most importantly automobile industries in the economies of countries that are emerging. They also reiterated that this trend may not decline soon owing to its importance in industrial setting.
Reference [4] attributes major production schemes in degreasing agents, cleansing solutions, lacquers, paints, adhesives, inks as well as varnishes to the vital need for more solvent production. This paper will dwell on solvents used in the absorption of hazardous emissions from boiler combustion exhaust steam.
Reference [5] have distinguished the difference between physical absorption process with the chemical absorption press with the fact that for chemical absorption, there is a Published on November 1, 2019. E-mail: harry.ngei09@gmail.com, ubong.ini@ust.edu.ng reaction interaction between the flue gases and the liquid absorbent. Whether physical or chemical, the liquid absorbent must interact with the flue gas as a means to achieve desired separation of the emissions and lean gas. In this paper, solvent, absorber liquid and scrubber liquid mean same thing. A vivid illustration of the process have been given by Abu- [6] , a CO2 laden rich gas is introduced to an absorber with an interaction with the solvent in a counter current contact, the CO2 is removed in solution at the bottom of the absorber either recycled or sent to a treatment facility while the non-CO2 entrained gas is released to the atmosphere. This demonstrates the importance and role the solvent plays in this separation process.
The potency and quality of separation and cleaning of flue gases with regards to air pollution control is depended on the solvent, therefore, the characteristics, operation, optimum condition must be evaluated before a choice is made. Other considerations are economic, handling and ultimately sustainability for operation. While the cost of installation of the absorber is fixed, operational expenses stems greatly from the cost of utilisation of the solvents.
II. CHARACTERISTICS OF SOLVENTS REQUIRED FOR ABSORPTION SYSTEMS
A. Solubility Reference [7] described solubility as a property of a substance in the three distinct phases of solid, liquid or gases to interact with a solvent culminating in its dissolution into a solution with homogenous characteristics. Reference [8] reiterates that solubility is a pointer to the maximum concentration a constituent reach in a homogenous solution. Solubility as a property can indicate the degree of removal of emission in a waste stream because it predicts the extent that the solvent can dissolve the entrained acid gases. However, [8] also stated that because of the difference of structures and characteristics of constituents with regards to solvents, there is a distinct difference in their solubility.
Reference [9] explained that solubility is a quantity of a constituent at a specific temperature considered to dissolve in a specific quantity of solvent. Solubility is an equilibrium property of the pollutants and the selected solvent. The choice of a solvent for absorption process should consider the effective removal tendency of the pollutant's vis-a-vis the solvent. The concentration difference of the gas phase and the liquid phase will enhance the dissolution of the gases with the liquid solvent stream provided the solubility is high. One important method to improve the solubility of the gas stream in solvents particularly in physical absorption systems is reducing temperature. Reduction in temperature increases solubility of gases in solvents. Reference [10] however, stated that an increase in temperature heralds an equally corresponding increase in solubility of metals, particularly mercury in solvents. Therefore, in the choice of solvents, the solubility must be assessed to improve scrubber performance.
B. Toxicity
Toxicity is the quantity and level of a substance required to become poisonous to the human body [11] . However, severity of a toxic substance is dependent on a number of factors, these factors include concentration or amount ingested, the frequency and number of exposures and of course the individual differences [11] . Reference [12] concluded that most toxic chemicals could have a direct interaction with the components of the immune system and cause a profound ill health of the receptor.
Knowing the effect of dealing and handling with a toxic chemical will inform the selection of a solvent for the absorption system. It will be out of place to solve the challenges of the emissions from the waste stream and increase a disease prone situation with operators of the facility. No matter the performance of a solvent the toxic characteristics if debilitating should not be considered.
C. Flammability
Reference [13] defined flammability as the inherent property of a substance by which flaming is averted and terminated following an introduction of an ignition source. Selecting a solvent with a flammable characteristic is designing disaster. No matter how good a solvent will be, its use will be avoided. Reference [14] have reiterated this point expressing that the flammability of a substance could limit its usage. Therefore, the choice of solvents must be considered with respect to the flammability property of the solvent.
D. Volatility
Reference [15] described volatility as a property of a property of a substance that indicates the degree to which such substances vaporises. At a given temperature and pressure, a substance that exists in the vapour form have high volatility. There is no measure for volatility by itself, however, the boiling point and vapour pressure of a substance indicates the volatility. High vapour pressure and low boiling point is an indication of a high volatility solvent. Since absorption process is a contact and interaction of liquid phase and gaseous phase, it will be disadvantageous to have a solvent with high volatility because OPEX will increase as a result of high solvent make up and the performance of the separation will be stunted. Absorption process requires reduced volatile solvents in order to increase performance of the separation will be stunted. Absorption process require reduced volatile solvents in order to increase performance of the scrubber and reduce operational cost. Therefore, volatility consideration is a very vital parameter in the choice of a solvent for absorption process.
E. Viscosity
References [16] and [17] defined viscosity as that property of a substance that presents a resistance to flow. Reference [17] highlights that low viscosity means that the fluid resistance to flow is minimal, therefore, it can easily flow. A low viscosity of solvent is required in the scrubber where contact is a priority and sprays from nozzles a requirement. Higher viscosity liquid will require the purchase of a higher duty supply pump to deliver the solvent to the scrubber, however, atomising the liquid into sprays will be a challenge.
Reference [18] however, stated that temperature can affect the measure of viscosity of a fluid, and that an increase in temperature of the solvent will result in a corresponding reduction in the viscosity of the liquid and aid its flow characteristics. Reference [19] explained that the reduction of viscosity as a result of high temperature is occasioned by the greater atomic/molecular scheme reduces intermolecular cohesion as well as friction. A heat exchanger can be utilised to heat up the solvent and increase its temperature to ease flow, however, it is best to choose a solvent with low viscosity to limit expenses and reduce the complexity of operations.
F. Corrosion
Reference [20] defined corrosion as the erosion of a metal surface by an interaction of a corrosive medium, while [21] stretched the definition to the interaction of metals with the confines of its environment leading to the deterioration of the metal. The definition x-rays an important factor in the corrosion process, the environment or agent. There lies the importance of choosing a solvent that has low corrosivity. Corrosion control is a very expensive venture; therefore, the choice of solvent must consider solvents that could reduce operational expense. Reference [22] classified corrosion as ideal or uniform depending on the extent of deterioration. Uniform corrosion results in a reduction in the thickness of the scrubber vessel while local corrosion results in severe point leakages. On the overall, operational cost have increased/. There is an added hazardous state of the working environment when vessels are exposed to leakage. If the solvent content in the vessel is flammable, the effect of accident will be monumental.
The choice of a solvent for the scrubbing absorption process is a serious endeavour. A poor choice could lead to catastrophe further endangering the environment. Therefore, consideration of this characteristics will in the long run contribute to an absorption process that is cost effective and hazard free.
III. SOLVENT PERFORMANCE IN RELATION TO FLUE GAS ABSORPTION
Reference [23] concluded that temperature variations in the scrubber is a prominent parameter that could impact the performance of the scrubber. They noticed that introducing intercooler to decrease the overall temperature of the scrubber enabled the solvent to remove a profound 10% of emission in their CO2 capture research. This study is a potent assertion of the techniques to utilize to decrease emission rate by scrubbers. Since the overall temperature of the scrubber could change performance, it is best to keep the solvent temperature low as not to increase the overall temperature profile of the scrubber.
Reference [24] found out that increasing the pH of the solvent had a better SO2 removal from the SO2/air mixture than its reduction. They discovered a 90% removal rate at a pH of 7 compared to 80% at a pH of 6. With a pH of less than 5, the removal rate was an abysmal 20%. Since pH is an indication of the molar concentration of the solvent's hydrogen ions. Acidity and basicity can be ascribed to the pH. Therefore, the increase in concentration of the solvents will lead to a corresponding increase in pH and therefore bring a better scrubber performance.
Reference [24] also found out that the flow rate of the solvent in the scrubber is a significant factor in scrubber performance. The liquid-to-gas ratio was simulated by varying the liquid flow and keeping the gas flow constant for the packed scrubber column. Initial increase of the solvent flow rate led to a corresponding removal efficiency because the gasliquid contact was maximised. However, a further increase in flow rate of the solvent reduced the removal efficiency because the gasliquid contact was on a decline as a result of liquid wetting. During the design of a scrubber system, it is good practice to simulate the solvent flow rate to ensure that the optimal level is selected for operation for best results.
Reference [24] also simulated the impact of solvent solution temperature on the overall scrubber performance and discovered that an increase in solvent temperature had a corresponding decrease in the removal efficiency of the scrubber. At 25oC, the removal efficiency was 85% whereas as the temperature was increased correspondingly to 65oC, the removal efficiency was found to be a mere 51%. This observation is necessitated by the reduction of the solubility of SO2 in the solvent by increasing the temperature of the solvent.
Reference [15] researched the removal efficiency of toluene using NaOCl as the solvent and observed that at a nil NaOCl concentration, the removal efficiency was 20%, the efficiency gradually improved with increase in concentration and peaked at 88% removal efficiency at a concentration of 0.025mg/l. Further increase in concentration led to gradual decline of the removal efficiency. The study found that the decline started at a concentration of 0.03mg/l. The decline is as a result of wetting effect preventing maximum impact. With relation to NaOCl flow rate, the research found out that a flow rate of 0.5m3/h resulted to a removal efficiency of 47% while further increase of the solvent resulted in greater removal efficiency of the toluene. A 72% removal efficiency was recorded for the solvent flow rate of 0.8m3/h. The improvement was occasioned by better gas-liquid contact characteristics.
Reference [26] considered the removal of CO¬2 using an alkali, NaOH. The research also echoed that increasing the concentration of NaoH from an initial 0.001kmol/m3 x 103 with a CO2 absorbed flux of 0.5[mol/s] x 104 heralded a more significant high CO2 absorbed flux as the concentration was increased. With regards to the liquid flow rate, Mariana et al. [26] also observed an increase in the CO2 absorbed flux with increase in the L/G ratio due to greater surface area of contact.
Reference [27] studied the removal of NO using NaClO2 as the solvent in a rotating pack bed scrubber and discovered that increasing the concentration of NaClO2 from 0.05mol/L to 0.15mol/L reduced the NO concentration in the outlet stream from 300ppm to 120ppm however, NO2 concentration recorded an increase from 171ppm to 219ppm. Upon further increase of the solvent concentration to 0.25mol/L, the variations of NO and NO2 removals were not significant. This demonstrates that upon further solvent increase alone, other factors were more prominent. The increase of NO2 by the oxidation of NO by the solvent. The flow rate of the solvent impact on the removal efficiency on NO and NOx was also tested and result showed that increasing the L/G ratio from 2.1L/m3 to 5.0L/m3 had profound impacts as the removal efficiency of NO improved from 70% to 100% while the overall NOx absorption improved from 42% to 62%. This was possible because of liquid/gas contact maximisation.
Reference [29] studied the simultaneous removal of NO, SO2 and Mercury in a FGD pilot scale experiment. The scrubber liquid used was limestone while NaClO2 which was gradually and continuously added as an enhancing additive. The experiment was conducted at 55oC with SO2, NO and Hg concentration at 1,500ppm, 200ppm and 206µg/m3 respectively. Result showed that there was a complete oxidation of NO to NO2 at NaClO2 concentration of 5mM. Further increase of NaClO2 from 5mM to 25mM had a removal efficiency on NO2 of 40% to 60% respectively. At a concentration of 3mM, the mercury was completely removed from the exhaust stream. While SO2 was completely removed by the limestone slurry before the addition of NaClO2. This shows that combining solvents could increase the removal of emissions particularly when they are numerous. The research also noted that variations of temperature between 25oC and 65oC had a minimal impact on the pollutants removal efficiency.
Reference [29] in a research to determine the effect of pressure of the absorber and flow rate of solvent to remove CO2 from a CO2/CH4 system of an anaerobic digester containing CH4 (55% -65%) and CO2 (35% -45%); found out that changes in the pressure of the absorber had a minimal variation in the removal efficiency however, flow rate increase at different pressures increased the CO2 removal efficiency. At a pressure of 5bar and flow rate of solvent (water) of 40kg/hr the removal efficiency was 49.9% compared to 84.14% at a flow rate of 100kg/hr. On the same note, at a pressure of 20bar and flow rate of 40kg/hr the removal efficiency was 85.81% compared to 97.99% at 100kg/hr. It could be noted that an increase in pressure and flow rate had the most positive change on the removal efficiency. Reference [17] studied the absorption of SO2 using fibre membrane contactor to increase the surface area of contact. The solvent used was dimethylamine. Removal efficiency also improved like other studies with an increase of the flow rate of the absorber as well as the solvent concentration. Reference [30] concluded in their study that the overall mass transfer coefficient was greatly increased when the liquid flow rate and concentration of the aqueous ammonia solvent was increased. This resulted in better removal efficiencies.
Reference [30] studied the removal of a combination of NO and SO2 from flue gas with Fe II) EDTA as the solvent. This experiment had a regenerative catalyst in the form of an activated charcoal. The experiment was conducted in a packed bed scrubber with (ID = 20m, height = 1000mm) and the regeneration conducted in a regeneration reactor with (ID = 20mm and height = 800mm). The pH was controlled by the addition of 0.1 of NaOH/H2SO4. The study found that the removal efficiency of NO without activated charcoal in the regenerative column was 56.2%, however, there was significant increase in the removal rate with the incremental addition of the charcoal. A 5g, 10g, 20g and 40g yielded corresponding 89.2%, 91.9%, 96.9% and 97.1% respectively. The increase in the removal efficiency was as a result of the increased level of active sites of the activated charcoal which increased the regeneration process. On the liquid flow rate, similar observation was made; a 10mL/min flow rate resulted in 62.2% compared to 87.8% for a flow rate of 20mL/min. However, further slight increase has no significant improvement on the removal efficiency. Temperature variations were tested also, with a general drop in the removal efficiency of NO with an increase in temperature. A 35oC, 45oC, 55oC and 65oC resulted in 58.4%, 52.6%, 47.2% and 44.6% respectively reiterating a reduced solubility of NO with increase in temperature.
Solvent operating parameters of temperature, concentration and flow rate have been observed to vary the removal efficiency of flue gas emissions. In the choice of solvents, operating parameter choice should be considered also.
IV. ECONOMIC CONSIDERATIONS FOR THE CHOICE OF SOLVENT
Reference [32] compared the cost associated with the use of amino acid based and MEA solvent in the removal of CO2 from flue gas of a power plant. The two approaches were designed to remove 90% of the CO2 from the waste stream. The study discovered that the capital cost using amino salt solution as the solvent was significantly lower than the use of the traditionally popular MEA solvent. On the overall using the potassium taurate (amino acid solution) presented a 25% lower cost compared to MEA. This is because the cost of regeneration of the MEA was high as well as the material of construction for the MEA scrubber plant. Stainless steel is required for the MEA as a result of corrosion concerns hence the higher cost associated to construction material.
Reference [33] in their review also buttressed that MEA is popular but posed greater regeneration energy for operation. This regeneration energy heightens cost. The report also highlighted that solvents have weaknesses and strengths; therefore, a combination of several solvents has been adjudged to increase the performance of solvents [33] . Reference [34] also stated that biphasic solvents incurred 50% less regeneration energy as well as lower reboiler temperature in comparison with MEA. Reference [35] stated the use of lime or limestone is widespread in the United States power plants. Over 90% of these plants utilised the solvent because it is considered to achieve greater removal rate with considerable low cost. This scenario was for the removal of SO2 in a FGD system. Reference [35] also stated the use of sea water as a solvent for the removal of SO2 from waste stream. Because sea water presents a rich alkali presentation, it is effective for the removal of acidic gases from waste stream. There is an added advantage with this method, as it is very cheap source of solvent. However, this source of solvent is only recommended for plants around a coastal area for ease of sea water collection. Reference [36] showed that SO2 solubility in seawater increased with corresponding increases in salinity and decreases in temperature. Since the temperature of sea waters is already low, the choice of sea water could be an option because there is no additional cost for cooling the solvent.
Reference [35] also highlighted the use of MgOH as a solvent for the removal of acidic gases. They highlighted that the use of this solvent is widespread in Japan and presents a simple yet compact system with a 98% SO2 removal efficiency and of course lower capital cost. Reference [37] concluded in their study that the evaluation of the economics for absorption processes using solvent make-up, cooling duty requirements, steam consumption as well as pumping requirements will be worthwhile. A careful study of this parameters will lead to a good strategy to reduce the operational cost of operating the scrubber. Reference [38] have long given reasons why water being cheap may not be the best choice to be a good solvent in the removal of SO2 from waste gases. He opined that although water is cheap and has appreciable tendency to dissolve and form substances that could have economic benefits and reduce vapour pressure that could limit evaporations; however, water washing requires an abundant quantity to achieve good removal efficiency. He recorded that about 75tonnes of water was required for every tonne of oil combusted to achieve 95% removal efficiency. As the SO2 concentration is reduced in the flue gas, SO2 solubility in water is reduced and even more water is required to effect SO2¬ cleaning. There is an added cost relating to the treatment of the waste effluent discharge. On the whole, while the initial cost of using water may be low but water treatment cost might become an issue.
Reference [39] concluded in the reviewed paper that in the decision between the utilisation of lime and limestone as solvent in the wet scrubber FGD system, highlighted that limes had easier handling capability and the removal efficiency was in the range of 95%, however, it was a more expensive proposition compared to limestone which had a slightly reduced removal efficiency of 90%. In the selection of solvent, a balance between economics and performance must be analysed to ascertain the parameters that will have operational preference.
The choice of solvents in economic considerations may not be entirely based on the cost of the solvent, but also on the future maintenance cost that might impinge on budget. Reference [40] suggested that the corrosion rate of the solvent in relation to the material of construction be investigated and a decision reached on the type that would present a low corrosion concern, hence low cost of maintenance. The study classified Alkanolamines in the order of corrosion rate as follows, MDEA<DEA<AMP<MEA with the solvent to give the least corrosion concern being MDEA. On a general note, the study of solvent solution and subsequent choice for specific emission control in wet gas scrubbers is a very serious endeavour. A whole range of factors and parameters must be juxtaposed to ensure optimal selection. An analysis of the strength and weakness of a particular solvent against the other must be sought and careful simulation of parameters conducted. This is to ensure maximum removal efficiency, simplistic operation and control as well as economic considerations.
V. CONCLUSION
This paper has x-rayed those factors that cannot be ignored for the selection of solvents for purposes of absorption of acidic gases from the waste stream of boiler stacks in a scrubber. Important solvent characteristics that must be considered include solubility of the gas in the solvent flammability to avoid accidents, toxicity to avoid illness to personnel, volatility to reduce expenses on solvent purchases, viscosity considerations to avoid provision of a heavy duty pump system and to ease scrubber performance, as well as corrosion to limit long term maintenance cost. The paper also highlighted on operational parameters that has the potential to affect the performance of the solvents, these parameters include temperature, flow rate and concentration of the solvent.
The review noticed that an increase in temperature had a corresponding reduction in the removal efficiency of the scrubber while flow rate had a reverse impact, however, further increases in flow rate led to no significant positive removal efficiency because the gas-liquid contact was not adequate. Concentration variations will have the same effect as that of the flow rate. Another equally important consideration was cost, no matter how effective a solvent could present, economic considerations must be analyzed. A simulation of different solvents with regards to cost must be carefully evaluated against its performance and a choice made.
Our future research will consider the utilization of a waste liquid stream from a water treatment process as a solvent for a retrofitted scrubber system with capability to cut down emission from a boiler combustion emission.
